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Stimulation of human epidermal differentiation by Delta–Notch
signalling at the boundaries of stem-cell clusters
Sally Lowell*, Philip Jones*†, Isabelle Le Roux‡, Jenny Dunne§
and Fiona M. Watt*
Background: Human epidermis is renewed throughout life from stem cells in the
basal layer of the epidermis. Signals from the surrounding keratinocytes influence
the differentiation of the stem cells, but the nature of the signals is unknown. In
many developing tissues, signalling mediated by the transmembrane protein
Delta1 and its receptor Notch1 inhibits differentiation. Here, we investigated the
role of Delta–Notch signalling in postnatal human epidermis.
Results: Notch1 expression was found in all living epidermal layers, but Delta1
expression was confined to the basal layer of the epidermis, with highest
expression in those regions where stem cells reside. By overexpressing Delta1
or DeltaT, a truncated form of Delta1, in primary human keratinocytes and
reconstituting epidermal sheets containing mixtures of Delta-overexpressing
cells and wild-type cells, we found that cells expressing high levels of Delta1 or
DeltaT failed to respond to Delta signals from their neighbours. In contrast,
wild-type keratinocytes that were in contact with neighbouring cells expressing
Delta1 were stimulated to leave the stem-cell compartment and initiate terminal
differentiation after a few rounds of division. Delta1 promoted keratinocyte
cohesiveness, whereas DeltaT did not.
Conclusions: We propose that high Delta1 expression by epidermal stem cells
has three effects: a protective effect on stem cells by blocking Notch signalling;
enhanced cohesiveness of stem-cell clusters, which may discourage intermingling
with neighbouring cells; and signalling to cells at the edges of the clusters to
differentiate. Notch signalling in epidermal stem cells thus differs from other
progenitor cell populations in promoting, rather than suppressing, differentiation.
Background
Human epidermis is formed by multiple layers of kerat-
inocytes. Proliferation takes place in the basal layer and
cells undergo terminal differentiation as they move
through the suprabasal layers to the tissue surface. The
keratinocytes in the outermost epidermal layers are anuc-
leate cells that are specialised to form a protective inter-
face between the body and the environment. These
terminally differentiated cells are continually shed from
the skin surface and are replaced throughout adult life by
proliferation of a population of stem cells in the basal
layer. Stem-cell daughters that are destined to undergo
terminal differentiation are known as transit amplifying
cells; they divide about 3–5 times before leaving the basal
layer. Thus, the epidermis contains at least two types of
proliferative keratinocyte: the stem cells, with unlimited
self-renewal capacity, and the transit amplifying cells, with
low self-renewal capacity and high differentiation proba-
bility (reviewed in [1,2]).
One marker that distinguishes stem cells from transit
amplifying cells is b 1 integrin expression [3,4]. Stem cells
express 2–3-fold higher surface levels of b 1 integrins than
transit amplifying cells and this can be used to determine
the relative distribution of each keratinocyte subpopula-
tion within the basal layer. Keratinocytes with the highest
surface integrin levels are found in patches, or clusters,
that have a specific location with respect to the epider-
mal–dermal junction [4–6]. Keratinocytes with lower inte-
grin levels form an interconnecting network between the
stem-cell clusters [5].
High levels of b 1 integrins, signalling through mitogen-
activated protein (MAP) kinase, are required in order for
keratinocytes to remain as stem cells [7]. Additional factors
known to regulate stem-cell fate are c-Myc, which stimu-
lates stem cells to generate transit amplifying cells [8], and
b -catenin, which has the opposite effect, retaining cells in
the stem-cell compartment ([9]; see also [10]).
So far, the molecules that have been demonstrated to regu-
late epidermal stem-cell fate act cell-autonomously. There
is, however, evidence that stem-cell number and distribu-
tion are also subject to influences from neighbouring
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keratinocytes. Specifically, confluent sheets of primary
human keratinocytes in culture contain a constant
number of cells with high b 1 integrin levels independent
of the absolute number or proportion of stem cells in the
seeding population [4]. This observation has led us to
investigate potential signals that might be delivered by a
stem cell or transit amplifying cell to determine the fate
of its neighbours.
Notch signalling is an evolutionarily conserved mecha-
nism for controlling cell fate through local intercellular
interactions in adult and embryonic tissues [11–13]. The
ligands Delta and Serrate (Serrate is also known as Jagged
in vertebrates), which are transmembrane proteins, bind to
the receptor Notch on an adjacent cell. This triggers
proteolytic processing of Notch such that the intracellular
domain translocates to the nucleus and promotes trans-
cription of target genes that include the Drosophila basic
helix-loop-helix Enhancer of split genes and their verte-
brate homologues. Notch signalling acts in three types of
developmental process: binary lineage decisions, lateral
inhibition and boundary formation [12].
There is already evidence for Notch signalling activity in
skin. Notch, its ligands and components of the Notch
pathway are all expressed in vertebrate epidermis, in pat-
terns that vary with the terminal differentiation state of
the keratinocytes [14–16]. Patterning of feather primordia
is sensitive to Notch signalling [17], and Notch and its
ligands become upregulated in squamous cervical
tumours, suggesting that Notch might regulate prolifera-
tion of human keratinocytes [18]. We were therefore inter-
ested in whether Notch signalling might play a role in
controlling the number or spatial distribution of stem cells
in interfollicular human epidermis. 
Results
Expression of Delta1 and Notch1 by human keratinocytes
We used degenerate primers in a PCR to identify Delta
homologues expressed by cultured human keratinocytes,
and six out of six clones sequenced corresponded to
human Delta1 [18]. In situ hybridisation of sections of
human fetal and adult skin showed that Delta1 mRNA was
confined to the basal layer of the epidermis and absent
from the underlying dermis (Figure 1a–d). Expression
within the basal layer was not uniform; rather, there were
groups of cells that had higher levels of mRNA than their
neighbours and these groups tended to lie at the tips of
the dermal papillae, where the underlying dermis comes
closest to the surface of the skin. Immunofluorescence
labelling of neonatal and adult epidermis with a polyclonal
antibody to chick Delta1 also showed expression confined
to the basal layer, and there was some indication that the
staining intensity varied within the basal layer in the same
way as found by in situ hybridisation (Figure 1e and data
not shown). In contrast to Delta1, Notch1 protein was
detected in all the living layers of neonatal and adult epi-
dermis, the staining being weak in the basal layer and
most intense in the suprabasal layers (Figure 1f).
Notch1 and Delta1 expression in cultured human epidermal
keratinocytes was examined by northern blotting (Figure 2).
Keratinocyte populations were enriched for stem cells,
transit amplifying cells, or suprabasal, terminally differenti-
ating cells by differential adhesiveness to type IV collagen,
essentially as described previously [3]. Blots were probed
for involucrin, a marker of terminal differentiation that is
selectively expressed in suprabasal keratinocytes [3], and, as
a loading control, for 18S RNA. Two transcripts (approxi-
mately 4.0 and 4.6 kb) were detected with a probe to human
Delta1, potentially reflecting differences in polyadenylation.
Delta1 mRNA was detected in stem cells and transit ampli-
fying cells, but was virtually undetectable in terminally dif-
ferentiating cells. When the Delta1 signal was quantitated
relative to the 18S RNA loading control, the mRNA was
approximately twofold more abundant in stem cells than
transit amplifying cells (1.7-fold in Figure 2a; average of
twofold in three independent batches of keratinocytes),
consistent with the in situ hybridisation results in
Figure 1a–d. Notch1 mRNA (transcript size approximately
10 kb) was detected in stem cells, but was upregulated in
terminally differentiated keratinocytes (Figure 2b), as
would be predicted from the results shown in Figure 1f.
Cellular distribution of endogenous and overexpressed
Delta1
To examine the effects of Notch signalling on kerat-
inocytes, we stably overexpressed full-length mouse
Delta1 or a truncated mutant, DeltaT, lacking all but 13 of
the amino acids in the intracellular domain. This mutant
acts as a dominant-negative inhibitor of Notch activation,
rendering cells unable to respond to Delta signals from
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Figure 1
Expression of Delta1 and Notch1 in human skin. (a–d) In situ
hybridisation of (a,b) mid-gestational fetal skin or (c,d) adult foreskin
with a probe against Delta1 mRNA. (a,c) Dark-field illumination of
(b,d), respectively. (e,f) Immunofluorescence staining of neonatal
foreskin with antibodies to (e) Delta1 or (f) Notch1. The arrows in
(a,c,e) indicate tips of dermal papillae. The scale bars represent 50 m m.
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their neighbours [19]. The proportion of cells transduced
with each retroviral vector was close to 100%, both on first
infection and in subsequent passages.
Immunofluorescence was used to compare the level and
subcellular localisation of transduced and endogenous
Delta. When overexpressed, Delta1 and DeltaT accumu-
lated at cell–cell borders (Figure 3a,d,g). There was
partial colocalisation of Delta1 and DeltaT with E-cad-
herin (Figure 3a–f) and desmoplakin (Figure 3g–i and
data not shown), markers of adherens and desmosomal
junctions, respectively. It was notable that Delta and
E-cadherin staining intensity was often complementary,
with E-cadherin staining being weakest at those intercel-
lular contacts where Delta staining was most intense and
vice versa (Figure 3a,b,d,e, arrows). No such relationship
was observed when Delta and desmoplakin staining was
compared (Figure 3g,h).
Assembly of adherens and desmosomal junctions is Ca2+
dependent and, when keratinocytes are cultured in
medium with a low Ca2+ concentration, E-cadherin and
desmoplakin do not accumulate at cell–cell borders (see,
for example, [20]). In contrast, Delta1 staining at cell–cell
borders was Ca2+-independent (Figure 3j,k).
The antibody to Delta1 that we used intensely stained cells
transduced with the Delta retroviruses (Figure 3a,d,g,j) and
could also be used to detect the endogenous protein,
although the staining was weaker (Figures 1e and 3l). In
cultured keratinocytes, endogenous Delta1 was observed in
a punctate distribution at cell–cell borders. The overex-
pressed proteins therefore accumulated at the same cellular
location as endogenous Delta1.
Effects of overexpressing Delta1 in keratinocytes or
adjacent fibroblasts
We investigated whether there was any effect on prolifera-
tive potential of uniformly overexpressing or blocking
Delta1 by comparing keratinocytes expressing Delta,
DeltaT or the empty retroviral vector. DeltaT acts cell-
autonomously to block Notch signalling [19]. Keratinocytes
stably transduced with each construct were seeded at clonal
density on a J2-3T3 feeder layer; 14 days later, the dishes
were fixed and stained with rhodanile blue (Figure 4a–e).
For each construct, two parameters were measured: colony
forming efficiency (CFE) and the percentage of colonies
attributable to stem-cell founders. (Table 1; [9]). Delta1
expression did not significantly increase CFE (p > 0.1) or
the proportion of stem-cell clones (p > 0.1) in three separate
experiments (Figure 4a,b; compare K-WT and K-Delta in
Table 1). DeltaT caused an increase in CFE (p < 0.05) but
did not increase the percentage of stem-cell clones (p > 0.1)
(Figure 4c; K-DeltaT in Table 1). When the total number of
cells per dish was compared at intervals for up to 25 days
after plating, there was little difference between the growth
rates of K-WT, K-Delta and K-DeltaT, and all three popula-
tions reached the same confluent density (Figure 4g). The
similar effects of Delta and DeltaT, in these experi-
ments are consistent with previous reports that uniform
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Figure 2
Northern blots of cultured human keratinocytes. Keratinocyte
populations enriched for stem cells (S), transit amplifying (TA) cells
and terminally differentiated cells (TD) were compared. The blots were
probed for (a) Delta1 and (b) Notch1, and reprobed for involucrin, a
marker of terminal differentiation, and 18S RNA, as a loading control.
Figure 3
Distribution of endogenous and retrovirally transduced Delta1 and
DeltaT in cultured keratinocytes. (a–k) Double-label
immunofluorescence of cultures expressing (a–c,g–k) full-length
Delta1 (designated K-Delta cultures) or (d–f) DeltaT (designated
K-DeltaT cultures) stained with antibodies against Delta1 (panels
a,d,g,j; red in panels c,f,i) and either E-cadherin (panels b,e; green in
panels c,f) or desmoplakin (panels h,k; green in panel i). (l) Uninfected
keratinocytes stained for Delta1. Keratinocytes were cultured either in
(a–i,l) normal medium or in (j,k) low Ca2+ medium. The scale bar
represents 10 m m in (a,b,d,e,g,h,j,k) or 5 m m in (c,f,i,l). (c,f,i) Higher
magnification views of the boxed areas in (a,b) and (d,e) and (g,h),
respectively. The arrows in (a,b,d,e) show complementary staining
intensity for Delta and E-cadherin at cell–cell borders (unshaded
arrows indicate high Delta and low E-cadherin staining; filled arrows
indicate high E-cadherin and low Delta staining).
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overpression of Delta can block Notch signalling, Delta
autonomously rendering cells unresponsive to Delta
signals from neighbouring cells [21].
Although uniform overexpression of Delta did not affect
the proportion of stem cells, it seemed possible that a
wild-type keratinocyte would respond to high Delta
expression on a neighbouring cell, as Notch signalling is
active at cell boundaries in several developmental con-
texts [12]. Human keratinocytes are routinely cultured on
a feeder layer of mouse embryonic fibroblasts (J2-3T3) in
order to promote growth at clonal seeding density. As a
simple way to create a boundary between cells expressing
different levels of Delta1, we cultured wild-type kerat-
inocytes (K-WT) with feeder cells that had been trans-
duced with Delta1 (J2-Delta) (Figure 4d–f; Table 2).
Delta expressed on the surface of J2-Delta was frequently
concentrated at sites of contact with neighbouring kerat-
inocytes (Figure 4f). Delta was undetectable by immuno-
fluorescence in untransduced J2-3T3 (data not shown). 
J2-Delta markedly decreased both CFE and percentage of
stem-cell clones (p < 0.05; K-WT + J2-Delta compared with
K-WT + J2-WT; Figure 4d,e; Table 2). When keratinocytes
were removed from J2-Delta after 7 days and replated on
normal J2-3T3 (J2-WT), they did not regain proliferative
capacity (CFE for keratinocytes removed from J2-Delta was
4 ± 1%; CFE for keratinocytes removed from J2-WT was
20 ± 1%). As a negative control, we used DeltaT to render
the keratinocytes unresponsive to Delta signals from neigh-
bouring cells. When keratinocytes expressing DeltaT were
cocultured with J2-Delta, CFE was similar to the control
combination of K-WT + J2-WT (Table 2) and the percent-
age of stem-cell clones was increased (p < 0.05).
These experiments show that when Delta1 was uniformly
expressed in a population of keratinocytes, there was little
effect on the proportion of stem cells, but when kerat-
inocytes were exposed to neighbouring cells with high
levels of Delta1, proliferative potential was strongly and
irreversibly reduced. 
Creating boundaries between keratinocytes expressing high
and low levels of Delta1
Given the patchy Delta1 expression pattern in the epider-
mal basal layer (Figures 1 and 2) and the results of the
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Figure 4
Growth and clonogenicity assays.
(a–e) Keratinocytes were seeded at low
density on a J2-3T3 feeder layer in 35 mm
diameter dishes and fixed then stained with
rhodanile blue after 14 days. The feeder
layers were either (a–d) normal J2-3T3 cells
(J2-WT) or (e) cells transduced with Delta
(J2-Delta). The keratinocytes plated were
(a,d,e) K-WT, (b) K-Delta or (c) K-DeltaT.
(f) Immunofluorescence staining for Delta1 of
a J2-Delta cell (lower cell) in contact with a
K-WT cell. The arrows indicate Delta staining
concentrated at points of contact between the
two cells. (g) Growth curves of K-WT, K-Delta
and K-DeltaT cells.
Table 1
Effect of uniform Delta expression on CFE and percentage of
stem-cell clones.
CFE (%) Percentage of
stem-cell clones
K-WT 15.0 ± 2.6 56.7 ± 7.1
K-Delta 27.3 ± 3.7 56.0 ± 4.3
K-DeltaT 35.0 ± 2.0 66.2 ± 0.4
Keratinocytes transduced with the following retroviral vectors
were cultured on a feeder layer of J2-3T3 cells: empty vector
(K-WT); full-length Delta1 (K-Delta); truncated Delta1 (K-DeltaT).
Data are mean ± s.d. from triplicate dishes in a single,
representative experiment.
Table 2
Effect of J2-Delta feeders on CFE and percentage of stem-cell
clones in cultured keratinocytes.
CFE (%) Percentage of
stem-cell clones
K-WT + J2-WT 13.1 ± 1.0 48.5 ± 1.4
K-WT + J2-Delta 4.3 ± 0.9 10.8 ± 7.2
K-DeltaT + J2-Delta 12.3 ± 0.3 58.9 ± 1.1
Keratinocytes transduced with empty vector (K-WT) or truncated
Delta1 (K-DeltaT) were cultured on a feeder layer of wild-type J2-3T3
cells (J2-WT) or J2-3T3 cells transduced with full-length Delta1
(J2-Delta). Data are mean ± s.d. from triplicate dishes in a single,
representative, experiment.
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experiments described above we predicted that
Delta–Notch signalling would tend to decrease prolifera-
tive potential and stimulate terminal differentiation at the
interface between keratinocytes expressing high and low
levels of Delta1. To examine this, we transduced kerat-
inocytes with a retroviral vector encoding the green fluo-
rescent protein (GFP) and used GFP as a lineage marker
in confluent cultured sheets of keratinocytes. Epidermis
reconstituted in this way has the same organisation as epi-
dermis in situ, with stem cells and transit amplifying cells
in the basal layer and terminal differentiation occurring in
the suprabasal layers. The fate of individual GFP-express-
ing cells was monitored in the four types of mixing experi-
ment shown in Figure 5a–d: GFP-labelled wild-type
keratinocytes (K-WT) exposed to wild-type neighbours
(Figure 5a) or to keratinocytes transduced with Delta1
(K-Delta; Figure 5b); GFP-labelled DeltaT-expressing
keratinocytes (K-DeltaT) exposed to keratinocytes trans-
duced with Delta1 (Figure 5c; this acts as a negative
control because expression of DeltaT renders cells unre-
sponsive to Delta signals from neighbouring cells); and
GFP-labelled Delta1-expressing keratinocytes (K-Delta)
exposed to neighbouring cells that also overexpress
Delta1 (Figure 5d; there is thus uniform high Delta1
expression throughout this culture).
Figure 5e is an example of a GFP-labelled wild-type
keratinocyte surrounded by unmarked keratinocytes that
overexpress Delta1. We found that Delta1 was preferen-
tially localised to cell borders that were in contact with
other cells that overexpressed Delta, rather than at borders
between K-WT and K-Delta (Figure 5f, arrows). GFP-
marked wild-type cells in contact with neighbours express-
ing Delta1 frequently showed punctate cytoplasmic
staining for Delta1 (Figure 5g). Double labelling for Delta1
and a lysosomal marker indicated that cytoplasmic Delta1
was primarily in lysosomes (Figure 5h). The majority of
Delta1 in the lysosomes must have come from the neigh-
bouring cell because very little lysosomal Delta was
detected when two wild-type cells were in contact (data not
shown). These observations fit well with the finding that, in
Drosophila, Delta is rapidly cleared from the cell surface by
endocytosis [22] and uptake of Delta from neighbouring
cells by transendocytosis is part of the Notch signalling
process during cell-fate determination [23,24].
Delta promotes terminal differentiation of neighbouring
keratinocytes
The fate of GFP-marked keratinocytes in the mixing
experiments was monitored for up to 15 days after plating
(Table 3, Figure 6). Once all the progeny of a transit ampli-
fying cell have undergone terminal differentiation, they are
shed from the outermost layer of the epidermis; in contrast,
stem-cell progeny can persist in the basal layer for long
periods of time [1,25]. Thus, if Delta1 induces neighbour-
ing keratinocytes to leave the stem-cell compartment, there
should be a progressive loss of GFP-marked clones. This
was quantified by seeding cells at confluent density with a
ratio of 1 GFP-positive cell to 500 unmarked cells, thereby
ensuring that groups of GFP-positive cells were clonally
derived (Table 3). After 5 days, there was no significant dif-
ference between the total number or size of colonies arising
from wild-type cells surrounded by wild-type neighbours
(CFE 47.5%; mean number of cells per colony 7.2) or wild-
type cells surrounded by Delta1-expressing neighbours
(CFE 57.1%; mean number of cells per colony 7.6).
However, very few (none in the experiment shown in
Table 3) clones of wild-type cells persisted for 15 days
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Figure 5
Keratinocyte mixing experiments. (a) K-WT-GFP surrounded by
unlabelled K-WT; (b) K-WT-GFP surrounded by unlabelled K-Delta;
(c) K-DeltaT-GFP (X) surrounded by unlabelled K-Delta;
(d) K-Delta-GFP surrounded by K-Delta. The GFP-labelled cells are
shaded. (e–g) Mixed cultures of K-Delta and K-WT-GFP stained for
Delta1 (red). (h) K-Delta cell double labelled for Delta1 (red) and a
lysosomal marker (green). The scale bars represent 10 m m in (e,f),
2.5 m m in (g), and 5 m m in (h). In (f), note strong intercellular Delta
staining between two K-Delta cells (filled arrow) but weak staining
between K-Delta and K-WT-GFP cells (unshaded arrow).
Table 3





15.8 ± 1.9 
13.0 ± 0.4
See Figure 5 legend for an explanation of the different cell combinations;
100 GFP cells were seeded per cm2. The ratio of marked to unmarked
cells was 1:500. The number of GFP colonies present on the dish
15 days later is shown. Data are represented as mean ± s.d. of data
from triplicate dishes in a single, representative experiment.
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when they were surrounded by Delta1-expressing neigh-
bours (p < 0.05). The number of clones remaining at day 15
was equal when wild-type cells were surrounded by wild-
type neighbours, when Delta1-expressing cells had Delta1-
expressing neighbours or when DeltaT-expressing cells had
Delta1-expressing neighbours (Table 3).
To analyse the fate of GFP-marked cells in more detail, we
increased the ratio of marked to unmarked cells to 1:10 and
used flow cytometry of disaggregated cultures to determine
the proportion of GFP-expressing cells that were in the
basal layer or were undergoing terminal differentiation.
Basal and suprabasal (differentiating) keratinocytes can be
distinguished on the basis of forward and side scatter [3]. In
postconfluent sheets of wild-type keratinocytes, the propor-
tion of terminally differentiated cells is approximately
50–60% (57% in the experiment illustrated in Figure 6).
At day 5, there was no significant difference between the
number of GFP-positive basal K-WT cells in combination
with unmarked K-WT cells (7.8 ± 0.5 · 104) or K-Delta
cells (10.2 ± 0.3 · 104) and no difference in the proportion
of terminally differentiated cells (47.1 ± 2.4% with K-WT;
54.5 ± 1.8% with K-Delta). At day 15, however, the
number of basal cells was significantly reduced when
GFP-marked K-WT cells were in contact with Delta1-
expressing neighbours, declining to 0.5 · 104 from a
seeding density of 104 (Figure 6). In all other cell combi-
nations, the number of GFP-marked basal cells increased
during the same period (Figure 6). 
Corresponding to the decrease in basal cells at day 15, there
was an increase in the proportion of terminally differentiat-
ing cells in the K-GFP-WT + K-Delta combination
(p < 0.05; Figure 6). We confirmed that the increased
number of cells with high forward and side scatter corre-
lated with induction of involucrin expression: 80 ± 5% of
wild-type cells exposed to Delta neighbours were involu-
crin positive, compared with 62 ± 4% of wild-type cells
exposed to wild-type neighbours. In contrast, there was no
significant difference between the percentage of termi-
nally differentiated cells in the other combinations (p > 0.1
in Figure 6). The degree of terminal differentiation was
similar in DeltaT-expressing cells and cells expressing a
DNA-binding mutant of suppressor of hairless [26], which is
an alternative method of blocking the Delta response (data
not shown). 
In all cell combinations, b 1 integrin expression was down-
regulated on terminal differentiation (data not shown), as
occurs normally [3]. There was no evidence of cells under-
going nuclear fragmentation, which would have been
indicative of apoptosis (data not shown; see also [27]) in
any of the mixing experiments.
The results suggest that Delta1-expressing cells did not
suppress proliferation or induce wild-type cells to
undergo terminal differentiation directly (day 5 results),
but rather promoted entry into the transit amplifying
compartment, the cells dividing a small number of times
prior to terminal differentiation and eventual loss from
the cultures (day 15 results). 
The morphological appearance of the GFP-marked clones
is shown in Figure 6. This illustrates that the wild-type
clones with Delta1 neighbours were smaller than the clones
in the other mixing experiments (compare Figure 6b with
Figure 6a,c,d), as would be predicted for clones that are
being deleted from the cultures through terminal differenti-
ation. In addition, there were differences in the morphology
of DeltaT- and Delta1-expressing clones. Clones of DeltaT-
expressing cells tended to be more scattered at day 15, inter-
mingling more freely with their unlabelled neighbours, than
clones of Delta1-expressing or wild-type cells (compare
Figure 6c with Figure 6a,d). DeltaT clones were also scat-
tered and Delta1 clones compact when combined with wild-
type neighbours (Figure 7), suggesting that the intracellular
domain of Delta contributes to intercellular adhesion.
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Figure 6
Fate of keratinocytes in mixing experiments.
(a–d) Size and morphology of GFP-labelled
clones surrounded by unmarked cells in
confluent cultures 15 days after seeding. For
cell combinations, see Figure 5 legend. The
total number of GFP-marked basal cells and
the proportion of GFP-marked cells that were
undergoing terminal differentiation are shown
for each cell combination. Cells were seeded at
a ratio of 1 GFP-positive cell per 10 unmarked
cells, and a total of 1.1 · 105 cells (that is, 104
GFP-positive + 105 unmarked cells) were
plated per dish. Data are represented as
mean ± s.d. of data from triplicate experiments.
The scale bar represents 100 m m.
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Discussion
We found that keratinocytes exposed to Delta signals from
their neighbours were driven to enter the differentiation
pathway, unless they overexpressed Delta1 themselves.
This is the first evidence that Notch signalling influences
stem-cell fate in interfollicular human epidermis. Although
the functions of the pathway have been most extensively
characterised in embryonic development [11–13], there is
growing evidence that Notch signalling continues to reg-
ulate cell fate in adult self-renewing or regenerating
tissues ([28] and references therein).
Delta1 mRNA and protein were expressed in the basal
layer of human epidermis and were undetectable in
suprabasal keratinocytes and in the dermis. As most of our
specimens came from non-hair-bearing skin, the distribu-
tion of Delta1 and Notch1 in hair follicles was not exam-
ined (see [29]). Although all basal keratinocytes expressed
Delta1, the level of expression varied within the basal
layer such that the cells above the dermal papillae,
enriched for stem cells, tended to have higher levels than
their neighbours (Figure 8). The expression patterns
observed in intact human epidermis were consistent with
the results from northern blots of cultured human kerat-
inocytes, giving us confidence that the cultures were a
valid model for the subsequent mechanistic studies.
Drosophila cell-aggregation experiments have shown that
Delta can have an adhesive function through homotypic
binding of Delta or heterotypic binding to Notch on
neighbouring cells [30,31]. Endogenous and overex-
pressed Delta1 localised to cell–cell contacts in kerat-
inocytes and, as in sea urchin and Drosophila embryos
[32,33], there was partial colocalisation with adherens
junctions. When a Delta1-overexpressing keratinocyte was
in contact with both wild-type and Delta1-overexpressing
neighbours, adherens junctions and desmosomes were
evenly distributed between all the neighbouring cells
(data not shown), but Delta1 localised preferentially to
those regions of the membrane in contact with Delta1-
overexpressing neighbours (Figure 5e,f). This might
suggest that Delta1 interacts with Delta1 on neighbouring
keratinocytes. Notch–Delta mediated aggregation is
reported to be Ca2+ dependent [30]; in keratinocytes,
however, the concentration of Delta1 at cell–cell borders
was Ca2+ insensitive (Figure 3j).
In tissues where Delta is expressed in groups of cells, it
may help to define developmental territories by promot-
ing selective adhesion of cells within the territory, as well
as by directing cell fates at the border of the territory, an
example being the borders between somites [34]. Our
mixing experiments provide indirect evidence that
Delta1 may promote keratinocyte intercellular adhesion.
Keratinocytes that overexpressed full-length Delta1 did
not intermingle with wild-type neighbours, although
they did intermingle with neighbours that also overex-
pressed full-length Delta1 (Figure 7 and data not
shown). Cells overexpresssing the truncated Delta1
mutant, DeltaT, intermingled freely with wild-type
neighbours (Figure 7), suggesting a requirement for the
cytoplasmic domain in the adhesive interaction. Human
epidermal stem cells form cohesive clusters within con-
fluent cultured sheets, whilst transit cells migrate more
freely amongst neighbouring cells [5]. Our hypothesis
would therefore be that Delta1 contributes to stem-cell
cohesiveness (Figure 8).
It is unclear at present how the expression pattern of
Delta1 in epidermis is established and maintained. Wnt
signalling can stimulate Delta expression [35] even though
it can antagonise Delta signalling [36]. This could explain
why there is elevated Delta1 expression in the epidermal
stem-cell patches as there is increased b -catenin signalling
activity in epidermal stem cells, at least in vitro [9]. Delta
can influence its own expression pattern by feedback sig-
nalling [12], and it will be interesting to investigate
whether this is the case in the epidermis. 
In our mixing experiments, keratinocytes overexpressing
Delta1 prevented their neighbours from acting as stem
cells and stimulated them to become transit amplifying
cells, that is, to undergo terminal differentiation after a
small number of rounds of division (Figures 6 and 8;
Table 3). Although Delta1 promoted neighbouring
keratinocytes to become transit amplifying cells, kerat-
inocytes with high Delta1 were not themselves stimu-
lated to differentiate, and both Delta1 and DeltaT had
little effect on proliferation (Tables 1–3; Figure 6).
DeltaT has previously been shown to render cells deaf to
Delta signals [19] and there is also evidence that Delta
itself can block Notch signalling, as misexpression of
physiological levels of Delta can render cells unrespon-
sive to Delta signals [37].
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Figure 7
Morphology of (a) K-Delta-GFP and (b) K-DeltaT-GFP clones surrounded
by unlabelled wild-type cells 5 days after plating. The scale bar
represents 100 m m.
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The classical model for Notch signalling is based on
studies of Drosophila neurogenesis, in which the mode of
action is lateral inhibition [11–13] and individual cells
with high Delta expression are interspersed with cells
that express low amounts of Delta. The expression of
Delta in contiguous groups of cells in the epidermal basal
layer and the distribution of epidermal stem cells as clus-
ters rather than single cells are more consistent with a
mechanism in which Notch is activated at the interface
between two fields of cells, such as occurs at the
dorsal–ventral wing boundary in Drosophila [12]. There
is, however, no evidence at present that the Notch sig-
nalling pathway activated in single cells or along borders
is inherently different. 
Conclusions
We have shown that the clusters of basal keratinocytes
enriched for stem cells express higher levels of Delta1
than their neighbours. High Delta1 expression by stem
cells may have three effects: a protective effect on stem-
cell proliferative potential by blocking Notch signalling;
enhanced cohesiveness of stem-cell clusters, which may
discourage intermingling with transit amplifying cells;
and signalling to cells at the edges of clusters to become
transit amplifying cells (Figure 8). The mechanisms of
modulating stem-cell fate that we have documented
previously act cell-autonomously [7–9] and Notch sig-
nalling is the first example we have found of a signal
originating in an epidermal stem cell that controls the
fate of neighbouring keratinocytes.
Materials and methods
Degenerate-primer PCR, DNA sequencing and cDNA library
screening
Populations of keratinocytes were enriched for stem cells, as
described below, polyA+ RNA isolated and cDNA prepared using
Superscript reverse transcriptase (Gibco BRL). Degenerate-primer PCR
for Delta1 was performed using the conditions and primers described
previously [21]. Two 600 bp bands were obtained with forward primers
degenerate for FGFTWPGT and a reverse primer degenerate for
NPCKNGGS [21]. These were gel-purified using a QIAquick extraction
kit (Qiagen) and ligated into the pTAg vector using a LigATor AT cloning
kit (R&D Systems). Gel-purified PCR products were sequenced with an
ABI amplitaq FS sequencing kit (Perkin Elmer) and sequences were
identified by searches using the BLAST program at the National Centre
for Biotechnology Information.
A cDNA library from a stem-cell-enriched keratinocyte population was
constructed using the Superscript plasmid system (Gibco BRL) and
screened using one of the PCR fragments obtained by degenerate-
primer PCR as a probe. Four positive clones were identified and
sequenced as described above.
RNA preparation, northern blotting and cDNA probes
Second or third passage preconfluent keratinocytes, strains kp and kq,
were fractionated into populations enriched for stem cells, transit
amplifying cells and terminally differentiated cells on the basis of adhe-
sion to human type IV collagen, as described previously [3]. Each pop-
ulation was lysed in guanidium isothiocyanate buffer and total RNA was
obtained by caesium chloride gradient centrifugation or by using
RNAzol B (TEL-TEST). Poly-A+ RNA was isolated using an Oligotex
kit (Qiagen); 20 m g total RNA was run per lane in a 1%
agarose–formaldehyde gel and transferred to Hybond-N membrane
(Amersham). Probes were generated by random priming with Klenow
DNA polymerase in the presence of 32P-labelled dCTP.
The following probes were used for northern blotting and/or in situ
hybridisation. The human Delta1 probe was generated from one of the
cDNA clones isolated from the cDNA library as described above. TAN1
cDNA encoding the cytoplasmic region of human Notch1 was a gift from
Domingos Henrique, ICRF London [38]. The cDNA probes for human
involucrin [39], human b actin, human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and 18S RNA [39] have been described previously.
Immunohistochemistry and in situ hybridisation
The sources of normal human skin used for immunohistochemistry and
in situ hybridisation were neonatal and adult foreskin, adult breast skin
and mid-gestation non-palmoplantar fetal skin. For immunostaining,
unfixed cryosections of neonatal foreskin were blocked in 10% fetal
calf serum, 3% bovine serum albumin and 0.1% Tween 20 (for Delta1
staining), or 0.25% fish skin gelatin (Sigma) (for all other antibodies).
Cultured cells were fixed in 4% paraformaldehyde in PBS for 5 min at
room temperature and then blocked in the same way as cryosections.
Antibody incubations were for 30–60 min at room temperature with
thorough washing in PBS after each incubation. Stained preparations
were viewed and photographed with a Zeiss 510 confocal microscope.
The following antibodies were used. Rabbit antiserum, SER20, was
raised against a peptide from the extracellular domain of chick Delta1
(amino acids 325–462) [21]. TAN18 mouse monoclonal antibody to
Notch1 was a gift from Spyros Artavanis-Tsakonas, Bayer Centre for
Molecular Medicine (New Haven, CT, USA) [40]. P5D2 is a mouse
monoclonal antibody to human b 1 integrins (Developmental Studies
Hybridoma Bank; [7]). HECD-1 is a mouse monoclonal antibody to
human E-cadherin (gift from M. Takeichi, Kyoto University, Japan; [9]).
A mouse monoclonal antibody to human desmoplakin, DP1+2, was
purchased from ICN. IB5 is a mouse monoclonal antibody to CD63,
which is located in late endosomes and lysosomes (gift from M. Marsh
MRC-LMCB, University College London). SY5 is a mouse monoclonal
antibody to human involucrin [3].
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Figure 8
Model of Notch signalling in human epidermis. Clusters of stem cells
above the dermal papillae are shown expressing high levels of Delta1
(red). The remaining basal cells, with low levels of Delta1 (grey), are
transit amplifying cells or cells that are committed to undergo terminal
differentiation. Notch is activated at the boundaries between the
stem-cell clusters and neighbouring transit amplifying cells. Cells that
have left the basal layer and are undergoing terminal differentiation do
not express Delta1.
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In situ hybridisation of paraffin-embedded skin was carried out as
described previously [41]. Sense and antisense probes for Delta1
labelled with [ a -35S]CTP (800 Ci/mM, Amersham) were synthesised
using a Maxiscript T3/T7 Kit (Ambion) from Delta1 PCR fragments
cloned into pTAG. Slides were exposed for 1–3 weeks at 4°C prior
to development.
Keratinocyte culture
Primary human keratinocytes were isolated from neonatal foreskins of
four different individuals (strains kn, kz, kq, kp) and cultured in the pres-
ence of a feeder layer of J2-3T3 cells in FAD medium (1 part Ham’s
F12 medium, 3 parts Dulbecco’s modified Eagle’s medium (DMEM),
1.8 · 10–4 M adenine) supplemented with 10% fetal calf serum (FCS)
and a cocktail of 0.5 m g/ml hydrocortisone, 5 m g/ml insulin, 10–10 M
cholera enterotoxin and 10 ng/ml epidermal growth factor (HICE cock-
tail) as described previously [2]. In some experiments keratinocytes
were transferred to medium with a reduced concentration of Ca2+ in
order to prevent assembly of adherens and desmosomal junctions [20].
J2-3T3 cells were cultured in DMEM containing 10% donor calf serum.
Retroviral vectors and packaging lines
The retroviral vectors pBabe puro-Delta, pBabe puro-DeltaT and pBabe
puro-GFP were prepared as follows. Full-length mouse Delta1 (amino
acids 14–2190) and truncated mouse Delta1 (DeltaT; amino acids
14–1756) were subcloned into the BamHI–EcoRI site of the retroviral
vector pBabe puro (gift of H. Land, ICRF [42]). Enhanced GFP (Clon-
tech) was subcloned into the BamHI–SalI sites of pBabe puro, as
described previously [5].
Retroviral DNAs (20 m g) were transfected into the ecotropic packaging
cell line GP+E packaging and ecotropic retrovirus was subsequently
used to infect amphotropic GP+env AM12 packaging cells for 16 h, as
described previously [42]. After 2 days, 2.5 m g/ml puromycin was
added to select for successfully infected cells. pBabe puro-GFP virus
producer cell lines were additionally selected by FACS for the cells
with highest GFP expression (top 30%).
Retroviral infection of keratinocytes with pBabe puro-GFP virus was
carried out as described previously [43] by coculture with AM12 retro-
virus producer cells. Retroviral infection of keratinocytes or J2-3T3 cells
with Delta1 or DeltaT constructs was carried out using virus-containing
supernatant: the procedure was the same as for infection of AM12
(described above) except that virus was collected from AM12 producer
cells rather than GPE producer cells. When keratinocytes were to be
doubly infected with a Delta retrovirus and pBabe puro-GFP, they were
grown for at least 7 days in puromycin after infection with Delta before
harvesting and replating on GFP retroviral producer cells.
Clonogenicity assays and growth curves
To generate growth curves, 3000 cells were plated per 35 mm diameter
dish. The total number of keratinocytes per dish was determined using a
Coulter Counter (Coulter Electronics) [9]. Three dishes were counted for
each time point. Clonogenicity assays were used to measure the propor-
tion of proliferating cells and the proportion of stem cells in populations of
keratinocytes. Cells were seeded at clonal density (300 cells per 35 mm
diameter dish). Cultures were fixed in formaldehyde 14 days after plating
and stained for 30 min at room temperature with Rhodanile blue [3]. All
colonies (that is, > 1 cell) were scored on each dish and colony forming
efficiency was calculated as the percentage of all plated cells that formed
colonies [7]. After 14 days’ growth, the abortive colonies that arise from
transit amplifying cells are easily distinguishable from the large actively
growing colonies founded by putative stem cells [3,9]; abortive colonies
contain fewer than 40 cells, the majority of the cells being large and termi-
nally differentiated. The percentage of colonies attributable to stem-cell
founders was calculated as the proportion of non-abortive colonies. 
Mixing experiments
Second-passage keratinocytes were infected with pBabe puro-Delta
(K-Delta), pBabe puro-DeltaT (K-DeltaT) or empty vector (wild-type
keratinocytes; K-WT). Cells that underwent a second infection with
GFP were designated K-WT-GFP, K-Delta-GFP and K-DeltaT-GFP. All
Delta- or DeltaT-infected cells were immunostained with SER20 to
confirm that the infection efficiency was close to 100% and that
infected cells were expressing high levels of Delta1. 
GFP-labelled cells were cocultured with either unlabelled K-WT or K-
Delta. In experiments to measure terminal differentiation, 104 GFP-
labelled cells were mixed with 105 unlabelled cells of the same strain
and passage number and seeded on 35 mm diameter tissue culture
dishes (Falcon). After 24 h, cultures were examined under a UV
inverted microscope to check that GFP cells were in contact with un-
labelled cells. Cultures were grown for 5, 10 or 15 days. At each of
these time points, GFP-positive colonies were photographed and tripli-
cate dishes were then trypsinised, counted and fixed in 4%
paraformaldehyde for 10 min at room temperature. In some experi-
ments, 106 cells were permeabilised and stained for involucrin using
SY5 as described previously [8]. For each sample, 104 GFP-positive
cells were analysed by FACS. Forward and side scatter gates were set
to separate basal cells from terminally differentiated suprabasal cells,
as described previously [3].
Some experiments were designed to score the size and morphology of
individual GFP colonies. These experiments were carried out as above
with the following modifications. Only 200 GFP cells were mixed with
105 unlabelled cells, so that marked colonies would be widely spaced.
Cultures were seeded on tissue culture plastic (Falcon) for 5, 10 and
15 days. At each time point, intact (that is, non-trypsinised) sheets of
cells were fixed with 4% paraformaldehyde at room temperature. Some
sheets of cells were stained for b 1 integrins using P5D2 [5].
Statistics
All experiments were carried out at least three times, with the exception
of the K-DeltaT control in Table 2, which is representative of two experi-
ments. Significance levels were calculated using the Student’s t-test. 
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